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A  fast  sol-gel  method  based  on  spontaneous  chemical  reactions  is  developed  to  synthesize  high  perfor¬ 
mance  Li3V2(P04)3/C  cathode  material.  The  crystal  structures,  surface  morphologies  and  electrochemical 
behaviors  of  the  Li3V2(P04)3/C  samples  sintered  at  different  temperatures  are  investigated.  In  the 
potential  range  of  3.0-4.3V,  the  sample  sintered  at  750  °C  shows  the  highest  discharge  capacities  of 

1 27.9  mAh  g_1  and  1 24.0  mAh  g_1  at  1 C and  5C rates  after  1 00  cycles  respectively.  Furthermore,  at  1 OC,  1 5C 
and  20C  rates,  the  discharge  capacities  of  the  optimal  Li3  V2  ( P04  )3  /C  composite  still  retains  117.6  mAh  g_1 , 

114.9  mAh g_1  and  83.6  mAh g-1  in  the  150th  cycle  respectively.  Cyclic  voltammetry  (CV)  measurement 
illustrates  that  the  electrochemical  behavior  of  the  optimal  sample  almost  has  no  change  after  100  cycles 
at  5C  rate,  indicating  the  stable  structure  of  the  synthesized  material. 

©  201 1  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

In  past  decades,  lithium  ion  batteries  have  been  rapidly 
developed  as  a  portable  energy  storage  device.  Compared  with 
nickel-cadmium  and  nickel-hydrogen  secondary  batteries,  lithium 
ion  batteries  have  high  energy  density,  low  self-discharge  ratio, 
and  long  calendar  life.  Layered  LiCo02  [1]  was  first  used  as  cath¬ 
ode  material  in  commercial  lithium  ion  batteries,  but  due  to  its 
disadvantages  of  high  cost,  toxicity  and  low  rate-capability,  var¬ 
ious  candidates  for  LiCo02  have  been  investigated  continually. 
Especially,  LiNi02,  LiMn02  and  LiMn204  have  attracted  intensive 
attention  of  worldwide  researchers  for  their  extraction/insertion 
property  of  lithium  ions  [2-4],  but  some  insuperable  draw¬ 
backs  existed  in  these  cathode  materials  still  limit  their  practical 
application  [5].  In  1997,  Goodenough  et  al.  [6]  first  reported  a 
series  of  NASICON  (Sodium  Silicon  Ionic  Conductor)  structural 
cathode  materials  based  on  phosphate,  such  as  Li2NaV2(P04)3, 
LiNa2FeV(P04)3,  TiNb(P04)3,  LiFeNb(P04)3,  and  Li2FeTi(P04)3. 
However,  as  a  derivative  of  Li2NaV2(P04)3,  Li3V2(P04)3  reported 
firstly  by  Nazar  et  al.  [7-9]  is  considered  as  one  of  the  most  promis¬ 
ing  candidates  for  commercial  cathode  materials. 

Li3V2(P04)3  (LVP)  has  the  highest  theoretic  capacity 
(197  mAh  g-1)  among  all  phosphate  cathode  materials  when 
three  lithium  ions  are  extracted  from  the  NASICON  structure. 
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Moreover,  the  unique  NASICON  structure  provides  a  3D  frame¬ 
work  and  a  large  interstitial  space  for  lithium  ions  transfer  [7]. 
Tang  et  al.  [10]  and  Qiao  et  al.  [11]  disclosed  that  the  lithium 
ion  diffusion  coefficient  of  Li3V2(P04)3  varies  from  10-8  to 
10_9cm2s_1,  which  is  much  higher  than  that  of  LiFeP04  [12]. 
On  the  other  hand,  phosphate  plays  a  key  role  in  stabilizing  the 
whole  crystal  structure  and  endows  Li3V2(P04)3  a  good  stability 
even  at  a  high  potential.  However,  the  electronic  conductivity  of 
pristine  Li3V2(P04)3  only  reaches  10-7Scm-1  [9]  that  is  much 
lower  than  that  of  LiCo02  at  room  temperature  [13].  In  recent 
years,  tremendous  efforts  have  been  made  to  overcome  this 
defect,  such  as  through  carbon  and  metal  oxides  coating  [14-18], 
cation  and  anion  doping  [19-22].  Hereinto,  the  carbon  coating 
is  the  most  effective  way  to  enhance  the  electronic  conductivity 
of  Li3V2(P04)3  that  can  achieve  10-1  Son-1  [14].  Whereas,  after 
coating  the  carbon  layer  on  the  surface  of  Li3V2(P04)3  particles, 
the  tap  density  of  the  material  will  be  decreased,  as  well  as  the 
energy  density.  In  previous  literatures  [16,23],  the  reported  carbon 
contents  of  Li3V2(P04)3/C  were  more  than  10%  in  weight.  Hence, 
it  is  necessary  to  prepare  the  low  carbon  content  Li3V2(P04)3/C 
cathode  material  with  excellent  electrochemical  performances. 

It  is  well  known  that  solid  state  reaction,  microwave  irradi¬ 
ation,  and  sol-gel  methods  are  the  main  routes  to  synthesize 
the  Li3V2(P04)3/C  cathode  material  [24-27].  However,  the  solid 
state  reaction  method  needs  high  sintering  temperature  and  long 
sintering  time  that  leads  to  a  wide  range  of  particle  size  distribu¬ 
tion,  resulting  in  poor  rate  capability  and  hampering  its  practical 
application  in  lithium  ion  batteries.  As  a  fast  route  to  synthesize 
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LhVyPO 4)3/C,  the  microwave  method  possesses  an  advantage  of 
low  energy  consumption,  but  it  is  difficult  to  mass  production.  The 
sol-gel  method  can  promote  raw  materials  to  reach  atomic  level 
mixing  and  homogenously  trap  inside  the  interconnected  viscous 
gel,  which  reduces  particle  size  of  the  material  to  micrometer  or 
nanometer  level.  In  addition,  the  sintering  temperature  and  time 
can  be  lowered  significantly.  But  the  complex  synthesizing  process 
makes  it  difficult  implement  in  practical  production. 

In  the  present  work,  we  introduce  a  fast  sol-gel  method  based  on 
spontaneous  chemical  reactions  among  raw  materials  to  prepare 
Li3V2(P04)3/C.  It  not  only  possesses  the  advantages  of  the  tradi¬ 
tional  sol-gel  method,  but  also  has  a  simple  synthesis  process  that 
has  a  potential  to  mass  production  under  low  energy  consump¬ 
tion.  What  is  more,  the  prepared  material  with  low  carbon  content 
exhibits  outstanding  electrochemical  performances,  especially  in 
high  rate  and  long  term  cyclic  properties.  It  should  be  noted  that 
all  the  capacities  in  the  paper  are  calculated  from  the  Li3V2(P04)3 
weight. 

2.  Experimental 

The  Li3V2(P04)3/C  cathode  materials  were  prepared  through  the 
fast  sol-gel  method.  0.015  mol  Li2C03,  0.01  mol  V205  and  0.03  mol 
NH4H2P04  were  mixed  in  2.0  mL  deionized  water  coupled  with 
spontaneous  endothermic  reaction  under  continuous  stirring,  and 
a  mass  of  gas  was  produced  in  this  process.  Citric  acid  employed  as 
both  chelating  reagent  and  carbon  source  was  dissolved  in  8.0  mL 
deionized  water,  and  the  amount  of  citric  acid  was  based  on  the 
residual  carbon  content  of  Li3V2(P04)3/C.  Then  the  citric  acid  solu¬ 
tion  was  blended  with  the  above  mixture  under  continuous  stirring 
until  the  mixture  turned  to  clear  sol.  Excess  water  was  evaporated 
at  80  °C  in  a  water  bath  until  a  dark  blue  gel  was  obtained.  The  dry 
gel  was  carefully  grinded  for  1  h,  and  presintered  at  350  °C  for  4h 
under  a  flowing  high  pure  N2  to  release  H20,  C02,  and  NH3.  Then 
the  precursor  was  pressed  to  pellets  at  1 5  MPa,  and  heated  at  differ¬ 
ent  temperatures  from  700  °C  to  800  °C  for  8  h  under  the  gas  flow 
of  high  pure  N2  to  yield  Li3V2(P04)3/C. 

The  crystal  structures  of  the  Li3V2(P04)3/C  samples  were  char¬ 
acterized  employing  a  PTR  III  X-ray  diffractometer  (XRD)  with  Cu 
Ka  radiation.  The  morphologies  of  the  as-prepared  materials  were 
observed  using  JSM-6380LA  scanning  electron  microscope  (SEM) 
and  high-resolution  transmission  electron  microscopy  (TEM,  tecnai 
G2  F20). 

The  electrochemical  performances  of  the  synthesized 
Li3V2(P04)3/C  materials  were  studied  employing  2032  coin¬ 
type  cells.  Cathode  electrodes  were  prepared  by  mixing  80wt.% 
the  as-synthesized  Li3V2(P04)3/C  materials  with  10  wt.%  acetylene 
black  and  10  wt.%  polytetrafluoroethylene  (PTFE,  60  wt.%).  Metallic 
lithium  foil  was  employed  as  the  anode.  The  electrolyte  was 
1  M  LiPF6  in  ethylene  carbonate  (EC)  and  dimethyl  carbonate 
(DMC)  (1:1  in  volume),  and  the  separator  was  Celgard  2300.  The 
coin  cells  were  assembled  in  an  argon  filled  glove  box,  and  then 
charge/discharge  tests  were  operated  on  a  LISUN-CBT-1 38-32 
multichannel  battery  test  system  in  the  voltage  range  of  3. 0-4.3  V 
(vs.  Li/Li+).  Cyclic  voltammetry  (CV)  tests  were  conducted  on  a 
GAMRY  PCI  4-750  electrochemical  workstation  at  a  scanning  rate 
of  0.1  mV  s-1  in  the  voltage  range  of  3.0-4.4  V. 

3.  Results  and  discussion 

3.1.  Synthesis  of  the  Li3V2(P04)3/C  precursor 

The  whole  process  of  synthesizing  the  Li3V2(P04)3/C  precursor 
can  be  divided  into  two  stages.  The  first  stage  is  to  mix  the  raw 
materials  with  2.0  mL  deionized  water.  As  above  mentioned,  this 


Fig.  1.  XRD  patterns  of  the  Li3V2(P04)3/C  samples  synthesized  at  different  temper¬ 
atures. 

process  is  a  spontaneous  endothermic  reaction.  Water  plays  a  sig¬ 
nificant  role  as  initiator  inducing  NH4H2P04  to  dissociate,  and  the 
dissociated  H+  causes  Li2C03  to  decompose  into  C02  and  H20.  With 
the  consumption  of  H+  and  the  generation  of  H20,  the  dissociation 
of  NH4H2P04  is  intensified  increasingly,  so  this  process  is  stimu¬ 
lated  like  a  chain  reaction.  Furthermore,  the  decomposition  product 
C02  also  acts  as  a  dispersant  that  promotes  the  raw  material  to  form 
a  uniform  wet  gel. 

The  second  stage  is  a  cheating  process  by  adding  citric  acid  into 
the  above  wet  gel  under  continuous  stirring,  the  mixture  rapidly 
changes  to  a  clear  red  brown  sol  in  company  with  the  release  of 
heat  generated  from  complexation.  During  heating  in  water  bath, 
the  color  of  the  sol  turns  to  dark  blue,  indicating  that  pentavalent 
vanadium  has  been  reduced  to  quadrivalent  vanadium  by  citric  acid 
[28].  This  may  be  the  reason  that  the  low  sintering  temperature  can 
be  obtained  in  this  method.  In  addition,  the  oxidized  product  C02 
from  citric  acid  promotes  raw  materials  to  further  mix  in  atomic 
level,  which  is  a  key  to  synthesize  the  excellent  electrochemical 
performance  material. 

3.2.  Characterization  of  Li3V2(P04)3/C  samples 

The  XRD  patterns  of  the  prepared  Li3V2(P04)3/C  at  different 
sintering  temperatures  are  shown  in  Fig.  1.  In  all  cases,  the  syn¬ 
thesized  Li3V2(P04)3/C  are  found  to  have  the  same  monoclinic 
structure  with  space  group  P2i/n,  and  no  impurity  phases  such 
as  Li3P04,  Li20  and  V203  are  detected,  indicating  that  the  pure 
Li3V2(P04)3/C  cathode  material  can  be  obtained  in  the  tempera¬ 
ture  range  of  700-800  °C.  What  is  more,  no  signs  of  the  coating 
carbon  are  found,  because  of  its  low  content  or  amorphous  struc¬ 
ture.  Meanwhile,  it  demonstrates  that  the  coating  carbon  does  not 
influence  the  structure  of  the  as-prepared  materials.  The  residual 
carbon  contents  of  Li3V2(P04)3/C  that  were  calculated  by  referring 
the  literature  [16]  are  4.56%,  3.34%  and  1.57%  at  700  °C,  750  °C  and 
800  °C,  respectively.  The  residual  carbon  contents  decrease  with 
the  sintering  temperature  increasing,  which  is  in  good  agreement 
with  the  previous  report  [16]. 

The  morphologies  of  the  samples  sintered  at  700  °C,  750  °C  and 
800  °C  are  shown  in  Fig.  2(a)-(c).  It  can  be  clearly  observed  that 
all  the  samples  have  loose  porous  morphology,  and  the  particle 
sizes  reach  to  sub-micrometer  level,  although  the  shape  of  particles 
is  irregular.  It  is  noted  that  this  microstructure  has  a  large  spe¬ 
cific  surface  area  allowing  the  electrolyte  to  keep  adequate  contact 
with  the  active  material,  which  may  be  beneficial  for  the  high  rate 
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Fig.  2.  SEM  images  of  the  Li3V2(P04)3  samples  synthesized  at  (a)  700  °C,  (b)  750  °C,  and  (c)  800  °C,  (d)  TEM  and  (e)  HRTEM  images  of  the  Li3V2(P04)3/C  sample  synthesized 
at  750  °C. 


performance.  Considering  the  preparation  process  of  the  precursor, 
we  conclude  that  the  formation  of  the  loose  porous  microstruc¬ 
ture  is  mainly  attributed  to  the  continuous  production  of  the  huge 
amounts  of  gas.  In  addition,  the  sample  sintered  at  700  °C  has  the 
smallest  particle  size,  but  the  loose  porous  degree  is  not  as  high 
as  the  samples  sintered  at  750  °C  and  800  °C.  However,  palpable 
agglomeration  occurs  when  the  temperature  increases  to  800  °C. 
In  contrast,  the  sample  sintered  at  750  °C  not  only  has  a  small  par¬ 
ticle  size,  but  also  has  a  uniform  morphology  with  loose  porous 
microstructure.  In  order  to  prove  the  existence  of  the  carbon  layer 
on  the  surface  of  Li3V2(P04)3/C  particles,  TEM  analysis  was  carried 
out.  As  shown  in  Fig.  2(d)  and  (e),  a  thin  carbon  layer,  about  2-3  nm, 
is  coated  on  particle  surface,  and  the  thin  carbon  layer  is  consis¬ 
tent  with  the  low  amount  of  residual  carbon  in  the  Li3V2(P04)3/C 
composite.  Interestingly,  the  relatively  uniform  amorphous  carbon 
layer  is  still  formed  even  under  the  condition  of  the  continuous 
gas  production,  and  the  formed  carbon  shell  is  believed  to  prevent 
the  crystal  growth  of  Li3V2(P04)3/C,  which  plays  a  significant  role 
in  enhancing  the  electrochemical  performances.  The  lattice  planes 
of  Li3V2(P04)3/C  are  distinct  as  shown  in  Fig.  2(e),  meaning  a  high 
crystallinity  of  Li3V2(P04)3/C  sintered  at  750  °C. 

3.3.  Electrochemical  performances 

Fig.  3(a)  and  (b)  shows  the  charge  and  discharge  curves  of  three 
samples  at  1C  rate  (1C=  133  mAg-1)  and  5C  rate  in  the  potential 
range  of  3.0-4.3V  at  room  temperature.  All  the  curves  show  a 
similar  shape  presenting  three  charge/discharge  plateaus  that  cor¬ 
respond  to  three  kinds  of  reversible  phase  transformation  between 
Li3-*V2(P04)3  (x  =  0,  0.5, 1.0,  and  2.0).  As  shown  in  the  profiles,  the 
sample  sintered  at  750  °C  delivers  the  highest  discharge  capacities 


of  128.8  mAhg-1  and  124.1  mAhg-1  achieving  96.8%  and  93.3%  of 
its  theoretical  capacity  (133  mAhg-1)  at  1C  and  5C  rates  respec¬ 
tively,  as  compared  to  1 1 5.7  mAh g-1  and  1 23.8  mAh  g-1  at  1 C rate, 
103.0 mAhg-1  and  11 0.9 mAhg-1  at  5C  rate  of  the  samples  syn¬ 
thesized  at  700  °C  and  800  °C,  respectively.  What  is  more,  we  find 
that  the  sample  sintered  at  750  °C  has  the  lowest  plateaus  volt¬ 
age  separations,  and  we  ascribe  this  to  the  lowest  electrochemical 
polarization  and  the  best  reversibility  of  the  optimal  sample. 

The  cyclic  performance  of  three  samples  at  1C  and  5C  rates 
for  100  cycles  are  presented  in  Fig.  3(c)  and  (d)  respectively.  As 
shown  in  the  profiles,  the  sample  sintered  at  750  °C  has  the  high¬ 
est  discharge  capacities  of  127.9 mAhg-1  and  124.6 mAhg-1  after 
100  cycles  at  1C  and  5C  rates  respectively,  these  results  are  much 
higher  than  that  of  the  previous  reports  [14,15,17].  The  other  two 
samples  sintered  at  700  °C  and  800  °C  deliver  the  discharge  capaci¬ 
ties  of  1 1 7.7  mAh  g-1  and  1 22.6  mAh  g-1  at  1 C  rate,  1 05.2  mAh  g-1 
and  110.1  mAhg-1  at  5C  rate  in  the  100th  cycle  respectively.  It 
should  be  mentioned  that  the  capacities  of  the  materials  have  an 
increasing  process  at  the  initial  cycles,  and  then  become  stable  after 
several  cycles.  This  phenomenon  is  mainly  attributed  to  a  continu¬ 
ous  increasing  active  surface  area  of  the  material  resulting  from  the 
gradual  penetration  of  the  electrolyte  into  particle  interspace  [29]. 
Moreover,  the  discharge  capacities  of  all  the  samples  decrease  reg¬ 
ularly  compared  with  that  of  1C  rate  when  the  charge/discharge 
current  density  increases  to  5C  rate,  this  may  be  caused  by  elec¬ 
trochemical  polarization  in  high  current  density.  Even  undergoing 
100  cycles  test,  the  discharge  capacities  of  three  samples  do  not 
tend  to  fade  both  at  1C  and  5C  rates,  although  the  ones  sintered 
at  700  °C  and  800  °C  exhibit  lower  capacities.  This  excellent  cyclic 
performance  may  be  attributed  to  the  intrinsic  stability  of  NASICON 
framework  [7].  However,  low  sintering  temperature  may  induce  a 
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Fig.  3.  Charge  and  discharge  curves  at  (a)  1C  rate  and  (b)  5C  rate,  and  cyclic  performance  at  (c)  1C  rate  and  (d)  5C  rate  of  the  Li3V2(P04)3/C  samples  synthesized  at  different 
temperatures. 


lower  crystallinity  of  the  material  that  is  not  beneficial  for  high  elec¬ 
trochemical  performance.  High  sintering  temperature  leads  small 
primary  particles  to  form  large  agglomerated  particles  that  prolong 
the  diffusion  path  of  lithium  ions  as  shown  in  Fig.  2(c),  which  is 
adverse  for  improving  electrochemical  performance.  On  the  other 
hand,  the  thick  carbon  layer  of  the  sample  sintered  at  700  °C  may 
block  the  path  of  lithium  ions  from  electrode  to  electrolyte,  and 
the  lower  carbon  content  of  the  sample  sintered  at  800  °C  does  not 
favor  the  enhancement  of  the  electron  conductivity  [16]. 

It  is  well  known  that  the  high  rate  capability  is  an  important 
factor  to  influence  application  for  lithium  ion  batteries  in  elec¬ 
tric  vehicles  and  mobile  devices.  Whereas,  to  further  investigate 
the  high  rate  performance  of  the  sample  sintered  at  750  °C,  we 
increased  the  charge/discharge  current  density  to  10C,  15C  and 
20C.  The  results  are  shown  in  Fig.  4.  We  can  see  that  the  sample 
reaches  the  peak  discharge  capacities  of  121.8  mAhg-1  in  the  6th 
cycle  at  10C  rate,  121.8 mAhg-1  in  the  20th  cycle  at  15C  rate  and 
1 20.0  mAh  g-1  in  the  1  st  cycle  at  20C  rate.  The  discharge  capacities 
still  retains  11 7.6 mAhg-1,  114.9 mAhg-1  and  83.6 mAhg-1  after 
150  cycles  at  10C,  15C  and  20C  rates  respectively.  These  results 
are  much  better  than  that  of  the  reported  results  [23,30-32].  It  is 
worth  notice  that  the  long  term  cyclic  capability  at  20C  rate  has 
never  been  reported  yet,  although  the  capacity  of  the  sample  fades 
sharply  after  110  cycles,  they  keep  at  satisfactory  values.  We  con¬ 
sider  that  the  coating  carbon  in  situ  formed  via  the  pyrolysis  of  citric 
acid  on  the  surface  of  Li3V2(P04)3  and  the  loose  porous  microstruc¬ 
ture  contribute  mostly  to  this  excellent  high  rate  property.  First,  the 


coating  carbon  modifies  the  surface  potential  of  the  material,  and 
provides  different  lithium  ion  adsorption  sites  in  a  wide  range  of 
energies  that  is  favor  for  lithium  ions  transfer  between  electrode 
and  electrolyte  [33].  Second,  the  depressed  growth  of  the  active 
material  particle  due  to  the  coating  carbon  [34],  together  with 
the  loose  porous  microstructure,  which  are  beneficial  for  the  elec¬ 
trolyte  penetration  and  lithium  ions  diffusion.  Third,  the  formed 
carbon  network  bridges  the  Li3  V2(P04)3  particles  to  boost  the  elec¬ 
tron  conductivity  of  the  synthesized  material  largely  [7].  Fourth,  the 
carbon  layer  on  the  surface  of  the  Li3V2(P04)3  composite  protects 
the  metal  ions  from  dissolving  into  the  electrolyte,  which  maintains 
the  stable  structure  of  the  material,  and  the  fracture  of  the  material 
will  also  be  restricted  during  cycling  [21  ]. 

The  insets  of  Fig.  4  show  the  charge  and  discharge  curves  of 
the  sample  at  various  cycles  under  10C,  15C  and  20C  rates.  It  is 
apparent  that  the  polarizations  of  the  electrodes  increase  and  the 
capacities  decrease  during  the  cyclic  process.  The  decomposition  of 
the  electrolyte  and  the  deterioration  of  the  material  structure  dur¬ 
ing  lithium  ions  extraction/insertion  may  take  responsibility  for 
this  decay  behavior.  Additionally,  we  find  that  the  position  and  the 
increasing  rate  of  the  third  charge  plateaus  are  crucial  for  high  rate 
cyclic  performance.  As  can  be  seen  from  Table  1,  the  third  charge 
plateaus  voltage  increases  with  the  charge  rate  increasing.  How¬ 
ever,  the  increasing  rate  of  the  third  charge  plateaus  voltage  at 
20C  rate  is  much  higher  than  that  of  the  electrode  at  10C  rate, 
and  it  is  almost  equal  to  that  of  the  electrode  at  15C  rate.  But  the 
lower  initial  position  of  the  third  plateaus  at  15C  rate  endows  the 
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Table  1 

The  third  charge  plateaus  voltages  at  various  charge/discharge  rates. 
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Charge/discharge  rates  (C) 

Plateaus  voltages  of  25th  cycle  (V) 

Plateaus  voltages  of  75th  cycle  (V) 

Plateaus  voltages  of  150th  cycle  (V) 

10 

4.195 

4.206 

4.218 

15 

4.211 

4.236 

4.258 

20 

4.256 

4.280 

4.300 

Cycle  number 


Fig.  4.  Cyclic  performance  of  the  Li3V2(P04)3/C  sample  synthesized  at  750  °C  (a) 
10C  rate,  (b)  15C  rate,  (c)  20C  rate.  Insets  are  the  25th,  75th  and  150th  charge  and 
discharge  curves. 


electrode  an  enough  buffer  space  in  a  long  term  cycle,  the  higher 
initial  position  of  the  third  charge  plateaus  at  20 C  rate  make  it 
easily  reach  the  charge  voltage  limit  (4.3  V).  It  can  be  observed 
that  the  third  charge  plateaus  voltage  has  already  been  4.3  V  in 
the  150th  cycle  and  the  plateaus  does  not  completely  appear  as 
shown  in  the  inset  of  Fig.  4(c).  Hence,  decreasing  the  polarization, 
especially  that  of  the  third  charge  plateaus,  is  a  key  in  order  to 
further  enhance  the  rate  capability  of  Li3V2(P04)3/C.  If  the  charge 
mode  is  changed  to  a  constant  current  plus  constant  voltage  charge 
mode  [35]  or  the  charge  voltage  limit  is  increased  slightly,  the 
discharge  capacity  of  the  material  may  be  enhanced  greatly  at 
high  rate. 


3.4.  Cyclic  voltammetry 

To  further  investigate  the  electrochemical  behaviors  of  the  sam¬ 
ple  sintered  at  750  °C,  the  CV  curves  of  the  electrode  that  were 
performed  at  a  scan  rate  of  0.1  mVs-1  between  3.0  and  s4.4V  at 
different  states  are  shown  in  Fig.  5.  Obviously,  there  are  three 
sharp  and  symmetrical  redox  peaks  in  both  curves  representing  the 
reversible  extraction/insertion  behavior  of  the  first  two  lithium  ions 
involving  V3+/V4+  redox  couple,  which  are  in  good  agreement  with 
three  charge/discharge  plateaus  in  Fig.  3(a).  As  shown  in  Fig.  5,  the 
electrode  cycled  at  0.5C  rate  for  1 0  cycles  exhibits  a  good  reversibil¬ 
ity,  and  three  oxidation  peaks  appear  at  3.62  V,  3.70  V  and  4.12  V, 
coupled  with  three  reduction  peaks  at  3.55  V,  3.63  V  and  4.02  V, 
respectively.  But  after  the  electrode  has  been  cycled  at  5C  rate  for 
another  100  cycles,  we  observe  that  all  three  oxidation  peaks  shift 
to  higher  potentials  at  3.63  V,  3.71V  and  4.14  V  respectively,  the 
corresponding  reduction  peaks  shift  to  lower  potentials  at  3.53  V, 
3.62  V  and  3.99  V  respectively,  indicating  the  reversibility  of  the 
electrode  has  been  reduced  slightly.  However,  the  small  poten¬ 
tial  separations  between  the  cathodic  peaks  and  the  corresponding 
anodic  peaks  are  still  obtained,  which  illustrates  the  splendid  struc¬ 
tural  stability  of  the  synthesized  material. 
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Fig.  5.  CV  curves  (a)  after  10  cycles  at  0.5C  rate  and  (b)  after  another  100  cycles  at 
5C  rate  of  the  Li3V2(P04)3/C  sample  synthesized  at  750°C. 
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4.  Conclusions 

The  high  performance  Li3V2(P04)3/C  cathode  material  with  low 
carbon  content  is  successfully  synthesized  through  a  fast  sol-gel 
method  based  on  the  spontaneous  chemical  reactions.  This  novel 
method  not  only  possesses  the  advantage  of  low  energy  consump¬ 
tion,  but  also  has  a  simple  synthesis  process.  The  SEM  images 
show  that  the  morphology  of  the  sample  exhibits  a  loose  porous 
microstructure,  and  a  thin  carbon  layer  has  been  observed  on 
the  surface  of  the  Li3V2(P04)3/C  particles  through  TEM  analysis. 
The  charge  and  discharge  tests  prove  that  the  sample  sintered  at 
750  °C  for  8  h  has  the  best  electrochemical  performance,  delivering 
the  discharge  capacities  of  127.9  mAh  g-1  and  124.0  mAh  g-1  after 
100  cycles  at  1C  and  5C  rates  respectively.  In  addition,  the  sam¬ 
ple  sintered  at  750  °C  also  manifests  the  high  rate  capability  and 
long  term  cyclic  performances.  The  optimal  Li3V2(P04)3/C  com¬ 
posite  still  retains  the  capacities  of  1 17.6  mAh  g-1,  114.9  mAh  g-1 
and  83.6  mAh  g-1  in  150th  cycle  with  the  capacity  retention  of 
96.5%,  94.3%  and  69.7%  at  IOC,  15C  and  20C  rates  respectively. 
We  attribute  the  excellent  electrochemical  performance  of  the 
synthesized  material  to  the  coating  carbon  and  the  loose  porous 
microstructure.  Hence,  the  novel  method  in  this  paper  is  a  promis¬ 
ing  route  to  synthesize  high  performance  Li3V2(P04)3/C  cathode 
material. 
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